In this paper, based on a elastoplastic model that can properly take into consideration the in‰uences of the density, the structure formed in depositary process and the stress-induced anisotropy of soils, 2D and 3Dˆnite diŠerence-ˆnite element analyses considering the soil-water coupling problems are conducted to simulate element test of sand specimen subjected to cyclic load under diŠerent loading conditions in triaxial test using the code named as DBLEAVES. In the element test, through stress-strain relation is regarded as uniform within the specimen of soil, it is usually non-uniform in reality. Due to limitation of element test devices for soils in laboratory test, a perfect element test is impossible in reality due to some factors such as an initial imperfection of test specimen, friction between loading plates and specimen, gravitational force of specimen and etc. It is, therefore, necessary to answer the question whether the results of an element test commonly used in laboratory test are convincing in determining the mechanical behaviours of the soils. If the answer is yes, then how much is the in‰uence of these factors on the tests which is usually regarded as an element behaviour. In the simulation, the element is considered as a boundary value problem. The in‰uence of those factors such as amplitude and frequency of cyclic loading, conˆning stress is also considered in detail. In the simulation, all values of material parameters are kept the same, which makes the numerical simulation being meaningful.
INTRODUCTION
In seismic evaluation, it is important to describe correctly the mechanical behaviour of soils subjected to cyclic loading. Liquefaction of sandy ground during earthquake is a major problem that may cause big catastrophes to infrastructures. A lot of research has been conducted on the liquefaction of soils experimentally and theoretically at an element level toˆnd out a suitable constitutive model based on which numerical simulation usingˆnite element method (FEM) can be applied to a boundary value problem (BVP) of the liquefaction of soils. Some research related to constitutive model for liquefaction of sandy soils and corresponding numerical analysis using FEM can be found in the works by Oka et al. (1992 Oka et al. ( , 1999 , in which a constitutive model for sand, using the kinematic hardening rule, was proposed and applied to BVP by a soil-water couplingˆnite diŠerence-nite element (FD-FE) analysis with the code of LIQCA (Yashima et al., 1991; Oka et al., 1994) . K. Nakai (2008) reported a very interesting study on the prediction of countermeasures for earthquake-induced consolidation deformation of river dike, where the analysis was carried out using FEM using an elasto-plastic constitutive model proposed by Asaoka et al. (2002) employing the collapse of soil skeleton structure (the concept of superloading), the loss in overconsolidation (the concept of subloading), and the development of anisotropy during shearing. In the analysis, the settlement of the dike was caused mainly by the consolidation of the soils in which large excess pore-water pressure occurred due to cyclic loading in earthquake regardless of the type of soils. Zhang et al. (2007) proposed an elasto-plastic model, in which some important concepts such as stress-induced anisotropy (Sekiguchi, 1977) , subloading yield surface (Hashiguchi and Ueno, 1977) , and superloading yield surface (Asaoka et al., 1998) were included and their intimate relations wereˆrstly considered in a uniˆed way. Based on this model, Ye et al. (2007) conducted a series of numerical analyses using a FEM code named as DBLEAVES (Ye, 2007) , to simulate experimental results of shaking-table tests on saturated sandy ground with repeated liquefaction-consolidation process. In the tests, a sandy ground made of Toyoura sand in a laminate box placing on the shaking table wasˆrstly shook to liquefaction and then the liqueˆed ground was allowed to settle without shaking due to the consolidation. The process of liquefaction-consolidation settlement was repeated three times to identify the mechanical behaviours of sand in diŠerent densities and stress histories (stress-induced anisotropy). In the simulation, the repeated process has been considered with repeated static and dynamic analyses using the same parameters of the constitutive model in all calculations, within a FD-FE scheme and considering soil-water coupled problems for both inˆnitesimal andˆnite deformation algorithms. It is understood from the calculation that the numerical simulation is capable of uniquely reproducing diŠerent responses of liqueˆed grounds with diŠerent densities and stress-induced anisotropy during repeated shaking and consolidation, which shows the potentiality of the method to solve the BVP for liquefaction of soil ground in a precise way.
As we know, in order to conduct a precise prediction of BVP, it is necessary to determine the values of soil parameters involved in the constitutive model by element simulation based on laboratory tests in element level. In element simulation, though stress-strain relation is regarded as uniform within the specimen of soil, it is usually non-uniform in reality. Due to the limitation of element test devices for soils in laboratory tests, a perfect element test is impossible in reality because of some factors such as an initial imperfection of test specimen, friction between loading caps and the specimen, existence of gravitational stressˆeld and etc. Some research concerning these factors under monotonic loading can be found in literatures, such as the works by Higo (2003) about the instability and strain localization of saturated clay specimens in conventional triaxial compression tests simulated by FD-FE analysis based on elasto-viscoplastic model; the works by Miyata et al. (2003 Miyata et al. ( , 2004 in which diŠerent restraint conditions of test specimens in element tests were discussed in detail with two-dimensional (2D) and three-dimensional (3D)ˆnite element analyses, concerning stress-strain relation, shear band formation and strain localization.
The same aforementioned problems can happen in the element tests subjected to cyclic loading or dynamic loading in which the loading speed is much faster than those of static loading tests and the frequency may reach a fraction of 1 Hz. Watanabe et al. (2006) conducted an experimental and numerical study on liquefaction-induced compaction of a specimen of sand in conventional triaxial tests with a static and dynamic FD-FE analysis, toˆnd out the non-uniform mechanical behaviour of the test specimen under so called element test subjected to static and dynamic loading.
It is therefore, natural to ask the question whether the results of an element test commonly used in laboratory test are still useful in determining the mechanical behaviours of the soils, as the so called element test usually does not show a uniform behaviour in its occupied area due to some inevitable imperfection or nonuniformity of both the test specimen and the test device. If the answer is yes, then we need to answer the question on how much is the in‰uence of the imperfection on the overall mechanical behaviour of the soil specimen.
It is, therefore, necessary to clarify the following aspects in order to answer the above question by establishing a reliable numerical technique that is not only able to determine the soil parameters of a suitable constitutive model based on conventional triaxial tests, but also be able to describe the characteristics of the non-uniform behaviour of test specimen observed in the element test and explain the reasons why it happens: (a) Qualitative and quantitative evaluation of the in‰uence of nonuniformity in test specimen on the overall or average mechanical behaviour of the soil specimen, e.g., friction between specimen and loading caps, non-uniform distribution of initial stress due to gravity of the specimen; (b) In‰uence of loading conditions, e.g., in‰uence of inertia force, dynamic loading frequency or loading rate, and amplitude of cyclic loading ratio. To achieve this main purpose, 2D and 3D soil-water coupling FD-FE analyses are conducted to simulate the mechanical behaviour of sand specimen subjected to cyclic load in conventional triaxial test under undrained condition. The numerical analyses are conducted using a FEM code named as DBLEAVES . It has been developed based on the constitutive model that can consider the eŠects of overconsolidation (density), structure (bonding) and stress-induced anisotropy in uniˆed way. This program has been proved to be capable of solving repeated static-dynamic loading processes with FD-FE scheme and considering soil-water coupling problems in BVP with inˆnitesimal andˆnite deformation algorithms.
BRIEF DESCRIPTION OF CONSTITUTIVE MODEL AND CONDITIONS FOR NUMERICAL SIMULATION OF ELEMENT TEST AS BVP
In the numerical simulation of element tests in which the soil specimens are subjected to dynamic loading under undrained condition, a model with associated ‰ow rule, proposed by Zhang et al. (2007) , was adopted in the calculation. The model has some distinct characteristics as follows: a) A yield surface withˆxed critical state line in stress space is adopted; b) A new type of stress-induced anisotropy and its correspondent evolution are proposed; c) A new type of evolution rule for overconsolidation, taking into consideration of the stress-induced anisotropy, is proposed; d) It is possible to describe the behaviour of soils with diŠerent densities, structure and stress history subjected to monotonic or cyclic loading under undrained or drained conditions using the same values for a set of material parameters. Eight parameters are involved in the model, among whichˆve parameters, M, N, Ãl, ãk, and n are the same as in the Cam-clay model. The other three parameters control the collapse rate of structure, the losing rate of overconsolidation and the developing rate of stress-induced anisotropy when the soil is subjected to shearing or compression. They can be easily determined by triaxial compression tests on remold soil and undisturbed soil, con- A brief description of the model is given in the AP-PENDIX and more detailed information of this model can be referred to in the work by Zhang et al., 2007 . Figure 1 shows element simulations of Toyoura sand at loose, medium-dense and relatively-dense states subjected to cyclic loading under undrained condition. The purpose of the simulation is to show the performance of the model. It should be pointed out that, in theˆgures throughout this paper, deviator stress means stress diŠer-ence q (s1-s3) and shear strain ea means axial strain.
Material parameters and initial state parameters for these sands with diŠerent densities are the same as shown in Tables 1 and 2 . It is very clear from thê gure that loose sand moves towards zero eŠective stress state without the process of cyclic mobility; for mediumdense sands, liquefaction occurs with the cyclic mobility, dense sand, however, never liqueˆes.
In this study, 2D and 3D FD-FE analyses are conducted to simulate the behaviour of soil specimen subjected to cyclic loading under undrained condition. In 3D analyses, the soil specimen is a cylinder with a diameter of 5 cm and a height of 10 cm which is modelled with 8-node hexahedral isoparametric elements. Theˆnite element meshes used in the calculations are shown in Fig. 2(a) . In order to check the mesh-size dependency of numerical results, simulations are performed using two diŠerent mesh sizes, as shown in Fig. 2(a) , in which the coarse mesh is called as Mesh 1 and theˆne mesh is called as Mesh 2. In 2D analyses, the soil specimen is modelled with 4-node isoparametric solid elements with a diameter of 5 cm and a height of 10 cm as shown in Fig. 2(b) . All calculations are carried out under undrained conditions. As to the boundary conditions of the specimen, in the case of ideal element test in which there is no friction between the specimen and loading caps at top and bottom, the boundary condition at the bottom is assumed with roller condition in which vertical direction at all nodes iŝ xed while one node isˆxed in all directions and another node isˆxed in one horizontal direction to prevent rotation of the specimen. When considering friction, an extreme case called as end-ˆxed case is adopted, in which all the nodes on the top and bottom surfaces areˆxed to the rigid loading caps.
In simulating cyclic loading, a concentrate vertical load is applied at the center of the top surface, where all the nodes on the top surface are kept to be equal to each other in the vertical direction as a rigid plate. Cyclic loading with sine wave is applied with 20 cycles. In the simulation, the following aspects are considered: In‰uence of calculating method, that is, theoretical, static or dynamic method; In‰uence of time interval used the integration of diŠerential equations;
In‰uence of amplitude of cyclic loading; In‰uence of cyclic loading frequency; In‰uence of friction between loading caps and specimen; In‰uence of gravitational stressˆeld; In‰uence of initial imperfection of test specimen; In‰uence of conˆning stress. Table 3 lists the calculating cases under various conditions. For instance, the amplitude of the cyclic loading in shear stress ratio (q/s? m ) varies from 0.15 to 0.40 and the frequency of loading varies from 0.01 Hz to 10.0 Hz. The time interval of each calculating step in Newmark-b integration for solving soil-water coupling problems is 0.002 second both in dynamic and static simulations if without speciˆcation.
In the simulation, the soil specimen is Toyoura sand and its material parameters used in the analysis are the same as the parameters in the works by Ye et al. (2007) , and their values are listed in Table 1 . The initial values of the state parameters for the sand are listed in Table 4 . It should be emphasized that throughout the calculations conducted in this paper, all the parameters are the same.
RESULTS AND DISCUSSION

In‰uence of Analytical Method
In this section, the in‰uence of analytical method is discussed. The conventional triaxial test with cyclic loading under undrained condition is simulated by three diŠerent ways, that is, simulation by theory (Element simulation), static and dynamic FEM. In static analysis with FD-FE scheme, inertial force and corresponding damping eŠect are neglected. Figure 3 shows the stress paths, stress-strain relations and time history of excess pore water pressure ratio (EPWPR) at the center of the specimen, obtained from diŠerent methods using Mesh 1. In theˆgure, only the results of the element located at the center of the specimen is considered because all the other elements show the same behaviour. By comparing the results from element simulation with those from static analysis, it is known that the overall mechanical behaviours are almost the same except for the number of cycles required for liquefaction. The results from static analysis show approximately the same tendency as those from dynamic analysis, except for a little diŠerence of stressstrain relation. The above results indicate that diŠerent methods predict almost the same behaviour at low loading frequency (0.1 Hz).
In‰uence of Time Interval of Integration
In order to obtain a reliable calculation result, it is necessary to determine a suitable time interval for each calculation step (Dt/step) in Newmark-b integration. DiŠerent time intervals varying from 0.02 sec/step to 0.00002 sec/step are used to check the in‰uence of the time interval for diŠerent loading frequency varying from 0.01 Hz to 10 Hz under the condition that numerical parameters are the same as described in In‰uence of Analytical Method. Figure 4 shows the in‰uence of time interval on the stress paths, stress-strain relations and time history of EPWPR at the center of the specimen under diŠerent loading frequencies. In the case of loading frequency of 0.01 Hz, the time interval has little in‰uence on the calculating results when it is less than 0.02 sec/step. In the case of 0.1 Hz, when the time interval is 0.01 sec/step, stress-strain relation shows bigger loops and the magnitude of shear strain converges to stable value when it is less than 0.002 sec/step, showing that a time interval of 0.002 sec/step is enough to get satisfactory results. In the case of 1.0 Hz, however, the time interval of 0.002 sec/step is not enough to get satisfactory results. As shown in Fig. 4(c) , if the time interval is 0.002 sec/step, then a signiˆcant decrease of deviatory stress is observed in the calculation, which is obviously unacceptable. In order to get satisfactory results, a time interval of 0.0002 sec/step is necessary. In the case of 10 Hz, which is not realistic in laboratory, a time interval of 0.0002 sec/step is enough for acquiring stable results, compared with the results from the calculation with 0.00002 sec/step. It is understood, therefore, that time interval may aŠect the calculation results greatly under diŠerent loading frequencies. Throughout this research, suitable time intervals are used in the subsequent calculations according to the loading frequencies and the details are listed in Table  3 .
In‰uence of Amplitude of Cyclic Loading
In this section, the in‰uence of the amplitude of cyclic loading on the mechanical behaviours of soil is discussed. Three diŠerent amplitudes of shear stress ratio (q/2s0) of 0.15, 0.25 and 0.40 are simulated. Figure 5 shows the stress paths, stress-strain relations and time history of EPWPR at the center of the specimen. The higher the shear stress ratio, the quicker the soil specimen goes into cyclic mobility loop, and larger the shear strain will be. In reality, such large shear stress ratio may cause the specimen to fail at theˆrst loading cycle and cyclic mobility cannot be observed. In the calculation, however, the test is assumed as element test, that is, at perfect condition, cyclic mobility may occur even if the specimen liqueˆes at rst loading cycle. It is hard to conˆrm the correctness of the calculation result because physically it is impossible to conduct an element test at laboratory according to its strict deˆnition.
In‰uence of Cyclic Loading Frequency
In this section, numerical analyses are carried out in 2D and 3D in which the in‰uence of cyclic loading frequency is discussed. Loading frequency ranges from 0.1 Hz to 10.0 Hz. Figure 6 shows the stress paths and the stressstrain relations of the element located at the center of specimen obtained from 3D analyses with diŠerent cyclic loading frequency using Mesh 1. It can be seen that at high frequency of cyclic loading (10.0 Hz), the deviatory stress decreased dramatically after stress path entered into cyclic mobility, in spite of the fact that external load is still kept constant. It is also known from theˆgure that cyclic mobility diminished to zero, while at relatively lower frequency of cyclic loading (0.1 and 1.0 Hz), this phenomenon cannot be observed. The reason why this phenomenon happens is that if the loading speed is large enough, part of the external force will be balanced by the inertia force of soil and pore water and consequently the eŠective axial force acting on the specimen will decrease. In reality, however, due to the limitation of cyclic loading device, it is very hard to conduct a conventional triaxial cyclic loading test with loading frequency larger than 1.0 Hz.
The in‰uence of cyclic loading frequency is also discussed with 2D analyses using Mesh 3 underˆxed condition. Similar results with 3D analysis are obtained. Compared with 3D analyses, similar results are obtained, as shown in Fig. 7 . Figure 8 shows the distributions of vertical strain e v immediately after the completion of cyclic loading obtained from calculations with loading frequencies ranging from 0.01 to 10.0 Hz in 2D and 3D analyses. It is known from theˆgure that the lower the frequency, the more severe the uneven distribution of the vertical strain will be. At very low frequency of 0.01 Hz, a sharp strain localization is observed while at very high frequency of 10.0 Hz, the specimen deformed uniformly in spite of the strong restraint condition where the top and bottom surfaces are totallyˆxed in the calculation. Detailed discussions on the in‰uence of restraint conditions will be given in the next section. It is also known from theˆgure that both the calculations in 2D and 3D give the same results, implying the fact that the mechanical behaviour of soil will be the same under undrained condition irrespective of the diŠerent external loading paths.
In‰uence of Friction between Loading Caps and Specimen
In this section, in‰uence of friction between loading caps and specimen is discussed. The numerical analyses are carried out in two cases, that is, the end-free case in which the top and the bottom surfaces are free in lateral directions, and the end-ˆxed case in which the top and the bottom surfaces areˆxed in lateral directions. Theˆxed condition can be regarded as the most serious restraint condition caused by the friction between the specimen and the loading caps. Practical condition in real test is between the end-free and the end-ˆxed conditions. Figure 9 shows the stress paths and stress-strain relations at diŠerent positions obtained from the calculations under free condition using Mesh 1. All the results are the same in all positions showing that the specimen deformed uniformly. Figure 10 shows the stress paths and stress-strain relations at diŠerent positions obtained from the calculations underˆxed condition using Mesh 1. The mechanical behaviours are diŠerent at three positions. Due to the symmetric condition, the mechanical behaviour of soil at the center is similar to those of the soil in the case of free condition shown in Fig. 9 . The behaviours at top and bottom are the same but are totally diŠerent from those at the center of the specimen in stress path and stress-strain relation, showing the signiˆcance of the restraint condition of the test specimen. Figure 11 shows the distributions of vertical strain ez and volumetric strain ev immediately after dynamic loadingˆnished at diŠerent restraint conditions. The calculated results obtained from the calculation under free condition are uniform in whole area of the specimen, while the residual volumetric strain obtained from the calculation underˆxed condition is not uniform and is much larger near the top and bottom areas than those at other areas. In order to investigate the mesh-size dependency of the nonuniformity, Mesh 1 and Mesh 2 are used in the 3D analyses. It can be seen from the distributions of volumetric strain ev that the non-uniform deformation of the specimen atˆxed condition is very clear. The mesh-size dependency of the numerical results shows that for aˆne mesh, the nonuniformity is restricted to a very narrow area, which is usually called as strain-localization area; while for a coarse mesh, the strain-localization area might be much larger than that ofˆne mesh and with a vague border. Figure 12 shows external force-mean eŠective stress relations and average stress-strain relations at diŠerent places obtained from the dynamic analysis under end-ˆx-ed condition, while Fig. 13 shows external force-mean eŠective stress relations and average stress-strain relations at diŠerent places obtained from the static analysis under end-ˆxed condition. The average values are calculated from the elements located at top, middle and bottom layers. The results at the top and bottom layers are the same, showing that the mechanical behaviours of the specimen are symmetric with respect to the center of the specimen in vertical direction. The behaviour of soil at Fig. 9 . The behaviours of soil at the top and bottom layers, however, are quite diŠerent from those of middle layer in the way that the shear strain accumulates more quickly at extensive side after stress path entered into cyclic mobility and that the average stress paths incline at the range before entering into cyclic region, showing again that the restraint condition of the test specimen may have un-negligible in‰uence on the overall mechanical behaviour of the specimen.
In‰uence of Gravitational Stress Field
The in‰uence of gravity in initial stressˆeld is discussed in this section. Due to the small size of the specimen (a height of 10 cm), the in‰uence of gravity in initial stresŝ eld is very small compared with the conˆning stress and is usually neglected in the numerical analysis of soil liquefaction in BVP. In conventional triaxial tests with cyclic loading under undrained condition, it is often observed that after liquefaction, pore water is concentrated at the top of the specimen while the sand settled at the bottom, showing that the gravitational force does work during or after the loading. In order to investigate the in‰uence of gravity, two cases of calculation, that is, the case neglecting gravity and the case considering the nonuniform initial stressˆeld due to gravity are conducted. Figure 14 presents the stress paths, stress-strain relations and time history of volumetric strain at the top, cen- ter and bottom elements of the specimen. At the center, there is no big diŠerence between the calculated results from diŠerent numerical cases, shown in Figs. 14(a) and (c). DiŠerent from the uniform distribution of the mechanical behaviours of the specimen in the case of neglecting gravity, in the case of the non-uniform initial stressˆeld, the time histories of the volumetric strain in the specimen show non-uniform responses. This tendency can also be conˆrmed by the distribution of volumetric stain ev immediately after the completion of cyclic loading as shown in Fig. 15 , in which, the soil at the area near the top surface is less contracted; while the soil at the area near the bottom is more compressive, which means the density of the soil at the top is getting lesser than that of the soil at the bottom. This phenomenon is consistent with observed results where after liquefaction of the specimen, pore water is concentrated at the top of the specimen forming an area with less density while the sand settled at the bottom of the specimen forms a relatively higher density area. 
In‰uence of Initial Imperfection of Test Specimen
In‰uence of initial imperfection of test specimen is discussed in this section with 2D analysis. In order to consider the initial imperfection of test specimen, the lateral coordinates of the specimen are moved towards the inside of the mesh by 1 mm alternatively at an interval of 1 mm along two sides of the specimen. Figure 16 presents the stress paths and stress-strain relations obtained from the calculations considering initial imperfection of the test specimen underˆxed condition. It is known from theˆgure that the imperfection has little in‰uence on the behaviours of the specimen because the results from two cases are almost the same. Figure 17 shows the in‰uence of diŠerent initial imperfections of the specimen on distribution of volumetric strain ev vertical strain ez immediately after cyclic loadinĝ nished. From theˆgure, it is known that on the whole, the distribution of volumetric strains shows not much diŠerence except one-point imperfection, implying again that the initial imperfection has little in‰uence on the mechanical behaviour of the specimen subjected to cyclic load under undrained condition.
In‰uence of Conˆning Stress
In‰uence of conˆning stress is discussed in this section. Four diŠerent conˆning stresses, 294 kPa, 196 kPa, 98 kPa, 49 kPa are considered. Calculations are conducted both in 2D and 3D analyses. The restraint conditions at top and bottom surfaces of the specimen are also considered. Figure 18 shows the stress paths and the stress-strain relations at the center of specimen at diŠerent conˆning stresses in 3D analyses under the condition that the top and bottom surfaces are free. It is known from theˆgure that through the shear stress ratios are all the same as 0.15 in four diŠerent conˆning stresses, the stress-strain relations are diŠerent from each other. The smaller the conning stress, the larger the shear strain will be. On the other hand, the stress paths are similar to each other. The same results are obtained in 2D analyses as shown in Fig.  19 .
The in‰uence of conˆning stress is also discussed under the condition that the top and bottom surfaces areˆxed. Figure 20 shows the stress paths, the stress-strain relations at the center of the specimen and the distribution of volumetric strain ev vertical strain ez immediately after dynamic loadingˆnished at diŠerent conˆning stresses in 2D analyses. From theˆgure it is known that the smaller the conˆning stress, the larger the shear strain will be. Meanwhile, the unevenness of deformation of the specimen at diŠerent conˆning pressure is quite diŠerent. The smaller the conˆning stress, the more severe the unevenness of deformation will be. In reality, the specimen probably will not deform so much if compared with the calculated results. The reason is that the friction between loading plate and the specimen is simulated with the strongest condition that both ends are assumed to beˆx-ed in numerical calculations.
CONCLUSIONS
In this paper, based on an elastoplastic model that can properly take into consideration the in‰uences of density, structure and stress-induced anisotropy of soils, 2D and 3Dˆnite diŠerence-ˆnite element analyses (code named: DBLEAVES) considering soil-water coupling problem are conducted to simulate the mechanical behaviour of sand specimen in undrained triaxial cyclic loading test under diŠerent loading conditions. Due to physical limitation, there exist some inevitable imperfections or nonuniformity of both the test specimen and the test device in common laboratory tests. The main purpose of the paper is to clarify the in‰uence of the imperfection and diŠerent loading conditions on the overall mechanical behaviour of the soil by the numerical experiments conducted in this paper. The following concluding remarks can be given through the numerical analyses: 1. Time interval for each calculating step used in Newmark-b integration may aŠect calculation results of dynamic analysis of soil specimen subjected to cyclic loading greatly. Suitable time intervals should be used to make sure a satisfactory calculation for diŠerent loading frequencies. In general, the higher the loading frequency, the smaller should the time interval for each calculating step be. In laboratory tests, however, due to the limitation of loading device, maximum loading frequency is usually less than a fraction 1.0 Hz. Therefore, the time interval of 0.002 sec/step is enough to get a satisfactory accuracy in the analyses of boundary value problem. 2. The in‰uence of cyclic loading frequency on the mechanical behaviour of soil cannot be neglected. In the case of considering the friction between the speci-men and loading caps, the lower the loading frequency, the more severe the unevenness of deformation will be. At very slow loading frequency (＝0.01 Hz), a clear strain localization is observed. 3. The in‰uence of restraint condition of soil specimen at the top and bottom surfaces is also prominent. Mechanical behaviours of soils distribute unevenly within the specimen when the in‰uence of restraint condition is considered. The in‰uence is also mesh-dependent, that is, for aˆne mesh, the nonuniformity is restricted to a very narrow area and consequently strainlocalization happens; while for a coarse mesh, the strain-localization area might be much larger and with a vague border. The restraint condition may have unnegligible in‰uence on the overall mechanical behaviour of the specimen. In reality, the in‰uence due to friction between the loading caps and the specimen may be between the ones from the calculation with perfect condition and completeˆxed condition. 4. There exists in‰uence of gravity in initial stressˆeld on the distribution of volumetric strain in soil specimen after liquefaction. In the numerical simulation, soil is less contractive at the area near the top surface and more contractive at the area near the bottom surface after the cyclic loading isˆnished, which means the density of the soil at the top is getting lesser than that of the soil at the bottom. This phenomenon is consistent with the observed phenomenon after liquefaction, that is, pore water concentrated at the top of the specimen forming a less density area while the sand settled at the bottom of the specimen forming a relatively higher density area. The in‰uence of gravity on the whole stress-strain relations, however, is negligible. 5. From the numerical simulation in which diŠerent kinds of initial imperfection are considered, it is known that initial imperfection of test specimen has little in‰uence on the mechanical behaviour of soil specimen subjected to cyclic load under undrained condition. 6. Though the inevitable imperfection of test sample and non-uniform loading conditions of the test device in the so-called element test may aŠect the mechanical behaviour of the soil to some extents, the element test of triaxial cyclic loading under undrained condition is still useful in determining the mechanical behaviours of the soils.
APPENDIX: BRIEF DESCRIPTION OF CONSTITUTIVE MODEL
The model proposed by Zhang et al. (2007) adopted the concepts of subloading (Hashiguchi and Ueno, 1977) , superloading (Asaoka et al., 1998) and initial anisotropy (Sekiguchi, 1977) to describe the in‰uence of density, structure and stress-induced anisotropy of soils in a more rational way. The model does not merely modify these three aspects but gives a uniˆed description about each individual characteristic of these aspects and, more importantly, the interrelation among these aspects with deˆnite physical meanings and rigorous mathematical reasoning in theˆrst time, which is essentially diŠerent from above-mentioned models. A detailed description can be found in the work . Here a brief description of the model is given.
The similarity ratio of the superloading surface to normal yield surface R * and the similarity ratio of the super-If the stretching is divided into elastic and plastic components, and the elastic components follow°T
